Abstract-In this paper, we report on the investigation of silicon avalanche photodiodes (APDs) for high-energy photon imaging applications. This includes a new APD design that provides X-ray and -ray imaging with significant reduction in electronic readout requirements. This new APD design, referred to as position-sensitive avalanche photodiode (PSAPD), involves charge sharing amongst the electrodes that enable determination of position of interaction. PSAPDs with 14 14 mm 2 area have been fabricated using planar processing. The performance of these devices has been evaluated for energy resolution, timing resolution (4 ns full-width at half-maximum), and spatial resolution ( 300 m intrinsic spatial resolution). The potential of these APDs in high-energy physics and medical imaging is addressed.
I. INTRODUCTION

C
URRENT and next-generation experiments in nuclear and elementary particle physics require detectors with high spatial resolution, fast response, and accurate energy information [1] - [3] . Such detectors are required for spectroscopy and the imaging of optical and high-energy photons. Additionally, they are of interest in areas such as medical imaging, diffraction, astronomy, nuclear treaty verification, nondestructive evaluation, geological exploration, and nuclear and high-energy physics research. Traditionally, scintillation crystals coupled to imaging detectors such as position-sensitive or multianode photomultiplier tubes (PMT) are used for spectroscopy and imaging of high-energy photons. However, PMTs have low optical quantum efficiency, are relatively bulky and fragile, and are sensitive to magnetic fields.
To overcome these limitations in the traditional imaging detectors, we have investigated imaging detector designs based on deep-diffused high-gain silicon avalanche detectors, which are discussed in this paper. Our new approach involves developing an APD design with inherent imaging capability. Such position-sensitive avalanche photodiodes (PSAPDs) are similar to the planar APDs that have been developed at Radiation Monitoring Devices, Inc. (RMD) [4] but incorporate a resistive layer on the back face on which multiple contacts can be fabricated. These devices provide position information based on charge Manuscript sharing amongst the contacts on the back face of the device. We have investigated a PSAPD design with four corner contacts on the back face of the APD. These devices have shown spatial resolution of about 0.3 mm over a device area of 14 14 mm . High energy and timing resolution have also been measured with such PSAPDs. The main advantage of the PSAPDs is that the electronic readout requirements with these devices are minimal. It should be noted that the high gain of our APDs is an important factor in the PSAPD design, because it provides high signal-to-noise ratio for signals at the corner contacts, even when charge is shared amongst them. This enables accurate estimation of the event location. The PSAPDs can be fabricated using the planar processing method that RMD recently has developed.
II. POSITION-SENSITIVE AVALANCHE PHOTODIODES
A. Design and Fabrication
We have been investigating a new approach to produce position-sensitive avalanche photodiodes by using the high-gain planar APD technology. This involves the modification in the design of the back contact structure of the APD in order to enable determination of the position of interaction. A variety of anode structures, all of which involve charge sharing, have been explored with other detectors such as microchannel plates and silicon p-i-n detectors to provide position sensitivity [1] , [5] - [8] . For our investigation, we have selected a simple design where four contacts are placed on a resistive layer at corners, as shown in Fig. 1 . Geometric considerations are used to compute position based on signal collected at each corner contact.
Such a PSAPD was fabricated using the planar process that has been developed at RMD for APD array fabrication [4] . The PSAPD area was 14 14 mm , and the device was packaged on a ceramic substrate. Fig. 2 shows a photograph of a packaged PSAPD. The device was initially evaluated by connecting the four back contacts together, and its gain, noise, and quantum efficiency were measured. The maximum gain of the device was measured to be 5000, with operating gain (where the signal-to-noise ratio is maximized) of about 1000. The operating bias of the PSAPD is approximately 1750 V with a capacitance of 140 pF for a 196-mm area device. The typical leakage current at operating bias is 1-2 A. The noise of the device was measured to be about 130 electrons-rms. The quantum efficiency of the device was measured to be 60% in the 400-700 nm region. The gain, noise, and quantum efficiency of the PSAPDs were found to be similar to those of standard planar nonimaging APDs. 
B. Operational Scheme for Position Sensing, Energy Resolution, and Timing Resolution of PSAPD
To collect accurate energy and position information, the PSAPD was operated as shown in Fig. 3 . The top contact of the APD acted as the entrance face and was connected to high voltage as well as a preamplifier using ac coupling. The preamplifiers used for all measurements are Cremat CR101D, which have a 13-ns intrinsic rise time and a 270-input impedance. In addition, separate preamplifier channels were provided for each of the corner contacts on the back face. In this arrangement, the preamplifier channel connected to the top contact provided the sum of signal from each of the bottom corner contacts and was used to determine energy and timing information for a given interaction [1] . The signals collected from the four bottom contacts were analyzed using the equations summarized in Fig. 1 to compute the position of interaction [1] . This operational arrangement is illustrated in the Na -ray spectra (511 keV photons) collected at all five channels (see Fig. 4 ) upon coupling the PSAPD to a CsI(Tl) scintillator (1 1 1 cm ). The scintillator was placed close to the center of the front face. A shaping time of 1 s was used.
The spectra shown in Fig. 4 confirm that the signal from the front face is indeed the sum of the signal collected from all four corner contacts on the back face. Also, as expected, the signal amplitude (as represented by the 511-keV pulse height) is very similar for all four corner contacts because the point of interaction is close to the center of the device. It is important to note that the operational arrangement shown in Fig. 3 does not compromise the energy or time information of the APD. This was confirmed by recording a 511-keV spectrum in a similar manner but with all four corner contacts connected to ground, which is the traditional manner of operation for a conventional APD (without position-sensing capability). The resulting 511-keV peak was very similar to that shown in Fig. 4 , confirming that no degradation in energy resolution and peak amplitude occurs upon incorporating the position-sensing capability to an APD. The energy resolution for the 511-keV peak recorded by the top channel (representing the sum signal) in both cases was 10% [full-width at half-maximum (FWHM)]. Direct X-ray detection of 5.9-keV photons ( Fe source) with a PSAPD was also performed with an energy resolution of 1.5 keV (FWHM). Both energy spectra ( Na and Fe) were taken at room temperature.
The timing properties of the PSAPDs have been measured. The rise time of a PSAPD was measured by irradiating its top surface with 5.5-MeV -particles and recording the resulting signal from the top contact directly (without amplification) on a digital oscilloscope. The rise time was found to be 1 ns, confirming the fast operation of the PSAPD. Coincidence timing resolution with a PMT coupled to one LSO crystal as the start channel and a PSAPD coupled to another LSO crystal as the stop channel, with a Na source between the two detectors, has been measured to be 4 ns (FWHM), as shown in Fig. 5 . The PSAPD preamp output was fed directly to a CFD with no shaping and some gain added. The CFD threshold was set just above the noise.
C. Position-Sensing Capabilities
The position-sensing capability of the PSAPD has been characterized. In this experiment, an optical fiber with 1-mm diameter was placed at different locations on the PSAPD to create a 7 8 rectangular pattern (1.85-mm spacing between adjacent points in both and directions). The other end of the optical fiber was coupled to a blue light-emitting diode (controlled with a pulser). The optical pulse reaching the PSAPD face was about 10 000 photons, which is comparable to light emission from an LSO crystal upon interaction with 511-keV photons. The signal collected from each corner contact was fed to a shaping amplifier and then sent to a multichannel analyzer to produce a pulse-height spectrum. The peak position was recorded for each contact (for a given fiber position), and this information was used to compute the event location. Fig. 6 shows the resulting 7 8 array plot depicting the event location estimated with PSAPD for each position of the fiber on the PSAPD. Some pincushion-type distortion is observed in the plot shown in Fig. 6 , which is expected for the simple four-corner contact geometry. Na spectra recorded with each of the five channels of the PSAPD upon coupling a CsI(Tl) scintillator to the PSAPD near the center of the device.
Such distortions can be corrected in most cases using a previously measured response map for the PSAPD. For imaging with segmented scintillators, these distortions have limited impact as long as the crystal of interaction can be located unambiguously. Despite the pincushion distortion, Fig. 6 confirms the position-sensing capability of the PSAPD and indicates that the position resolution of the device is much less than 2 mm.
An experiment was then conducted to acquire a flood histogram for a 4 4 array of segmented CsI(Tl) crystals placed on a PSAPD at room temperature. The pixel size of the CsI(Tl) array was 2 2 5 mm , and a Cs (662-keV -rays) source was used. The shaping times to acquire the flood histogram were 1 s for the top contact (used as the trigger) and 1.5 s for the bottom four contacts. The resulting flood histogram, which is shown in Fig. 7 , clearly demonstrates that the PSAPD can provide unambiguous identification of crystal of interaction. A line profile through one of the rows in the flood histogram is also shown in Fig. 7 , and the average peak-to-valley ratio is 20. We are in the process of instituting an algorithm to correct for the distortions in the flood histogram using a previously generated response map, and a corrected histogram for the 4 4 CsI(Tl) array is also shown in Fig. 7 .
Next, we conducted experiments to determine the spatial resolution capability of the PSAPD. In this experiment, a 635-nm laser was focused onto the PSAPD with a spot size of approximately 25 m and an optical intensity of about 10 000 photons/pulse. The laser was pulsed at a high frequency, and the output voltages of the four bottom contacts were recorded directly out of the preamplifiers by a digital oscilloscope. This was repeated until 100 measurements were taken at the same laser position on the PSAPD. The -and -positions were calculated and plotted, and the FWHM of the event histogram provided the position resolution of the PSAPD at the location of laser exposure. These measurements were performed at two laser positions on the PSAPD: near the center of the device and near one of its corners. The results are shown in Fig. 8 for one coordinate. The FWHM at each laser position was 300 m. This shows that the position resolution of our PSAPD is excellent over the 14 14 mm active area. Position resolution was found to be comparable for the -coordinate in our measurements.
These results indicate that PSAPDs are indeed promising for gamma-ray imaging. These devices have high quantum efficiency, low noise, and high gain. They have demonstrated high energy, timing, and position resolution. An important aspect of the PSAPDs is the reduction in the electronic readout requirements. As discussed earlier, for a 14 14 mm device, only five readout channels were required, and a spatial resolution 1 mm (FWHM) was observed. For a multielement array with discrete pixels and individual readout per pixel, the electronic readout channels are significantly larger. For example, in the case of an array with 14 14 mm area and 1-mm pixels, the number of readout channels would be 196. Thus, PSAPDs would provide a multiplexing factor of almost 40 in the electronic channels.
D. Simulation Studies
We have conducted modeling studies to understand, predict, and minimize the distortions observed in PSAPDs. The distortions (see Fig. 6 ) arise due to the majority carrier transport effects within the resistive layer on which the anodes have been constructed. We have used circuit simulation techniques to understand the majority carrier transport using Simulation Program with Integrated Circuit Emphasis (SPICE) for the PSAPDs. Fig. 9 shows a unit circuit cell that was used to perform a SPICE simulation of the majority carrier transport for a PSAPD with four-corner contact design.
A square array of 20 20 unit cells was simulated to be connected together, with rows being connected by contacts 1 and 2 and columns being connected by contacts 3 and 4 and. Each of the four outermost contacts in such chains was connected to a load resistance. Contact 5 was connected to a common ground plane. The imaging performance of such a device was simulated by assuming that photocurrent was injected from a point source into one of the unit cells. By varying the position of the point source over the entire device in a square 8 8 pattern (1.85-mm spacing between adjacent points in both directions), the imaging performance of the PSAPD was simulated; the result is shown in Fig. 10 . This simulation result is in good agreement with the experimental results shown in Fig. 6 . Both cases show pincushion-type distortion with the data points in the middle of each row or column pushed toward the center.
Such pincushion distortion can be explained on the basis of charge-sharing effects in the device with four corner anodes. In this device design, the charge sharing amongst the four anodes is appropriate for event locations near the corner or the center of the device and the estimated positions are in reasonable agreement with the actual ones. However, for events that occur near the side of the device (between contacts), significant current flows to all four contacts, which pushes the estimated event location more to the center than in reality. This leads to the pincushion distortion, which is an inherent property of the device with four-corner anode design. It should be noted that while this type of distortion may be detrimental in some applications, it is not a problem for -ray imaging using individual or segmented scintillation elements. This is because the spatial resolution of the PSAPD is very good, and even if the device provides a distorted image of the scintillator segments, as long as the correct crystal of interaction is located, software corrections can be applied using a previously generated calibration map. We have simulated another simple PSAPD design, which still has four corner contacts, as shown in Fig. 1 , but also has thin resistive strips connecting these four corner contacts. The signal is still collected from the corner contacts. The simulation results are shown in Fig. 11 . As seen in Fig. 11 , the distortions are minimal for this design (for a similar input test pattern as in Fig. 10 ).
III. SUMMARY
Position-sensitive avalanche photodiodes have been investigated for spectroscopy and the imaging of high-energy photons. A PSAPD design with four corner contacts has been fabricated using a planar process with device area of 14 14 mm . Such PSAPDs have shown high gain, low noise, and high quantum efficiency, which are characteristic of deep diffused APDs. Good energy [ 10% FWHM for 511 keV in CsI(Tl)], timing (4 ns FWHM), and position resolution ( 300 m FWHM intrinsic spatial resolution) have been observed with such PSAPDs. Furthermore, the electronic readout requirements for such PSAPDs are minimal. Simulation studies (using SPICE) also have been performed to understand distortions in the imaging response of these devices. In our research, new PSAPD designs with minimal distortions, and large-area PSAPDs ( 2.5 2.5 cm ), are now being explored. Our investigation has shown that PSAPDs are promising devices for nuclear and high-energy physics research, medical imaging, nondestructive evaluation, materials science studies, and geological exploration.
